The working mechanisms of surface dielectric barrier discharge (SDBD) plasma actuators foreseen as aerodynamic control devices is investigated experimentally on a common platform, referred to as the NATO-AVT-RTO-190 test case. A better understanding of the working principle and characteristics of SDBD paves the way for more efficient and safe use of plasma actuators in aerodynamic applications. In this study, a characterisation of the plasma is done by current measurements, fast-camera plasma imaging and force measurements. Furthermore, more advanced plasma characteristics such as reduced electric field and excited species population are found by Optical Emission Spectroscopy. The collective goal of this research is to contribute to a database which can also be used for numerical verification and validation by varying the key parameters such as frequency and voltage.
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I. Introduction
Active aerodynamic control using surface dielectric barrier discharge actuators is a promising concept which has been extensively studied over the last decade. Their advantages include fast response, thus enabling real-time control at high frequencies, and simplicity due to the lack of moving mechanical parts.
At low flow speeds, DBD actuators driven by AC waveforms (AC-DBD) have shown to be efficient due to the production of an ionic wind close to the wall, adding momentum to the boundary layer. Recent reviews by Corke et al. 1 and Moreau et al. 2 describe these effects in detail. At higher flow velocities, this equivalent wall-jet does not seem to produce significant effects. In a previous study at EPFL, Pavon et al. 3, 4 investigated the interaction between an AC-DBD actuator mounted on a NACA 3506 profile in transonic flow, where no noticeable effect of the actuator on the shock wave buffeting and strength was observed. However, a strong effect on the discharge plasma state was produced with increasing speeds.
Alternatively, studies have been performed on nanosecond pulsed actuators (ns-DBD), showing effects for transonic flows at very high voltage levels. 5, 6 For these actuators, the working mechanism is believed to be the generation of compression waves that emerge from the surface, adding pulsed energy to the flow. Little et al. 7 and Grech et al. 8 have investigated the application of ns-DBD actuators to delay separation for lower flow velocities, up to u ∞ =62 m/s, where the generated compression wave acts as an active trip at pre-stall angles of attack. The plasma produced here is essentially a streamer discharge regime propagating along the surface of the dielectric.
From these considerations, the relevance of understanding the plasma regimes and transitions in such DBD is clear. In order to further develop safe and effective applications of DBD, research on the characterisation of these plasmas needs to be performed. The NATO-AVT-RTO-190 working group has suggested a standard SDBD setup to investigate the basic characteristics of these plasmas and to evaluate the force and relative power produced, with respect to different input voltages and frequencies from AC or nanosecond pulsed power supplies. The effects of ambient pressure were also investigated at EPFL by placing the DBD in a low-pressure chamber where the pressure levels of the air can be modulated.
In this work, spectroscopy and plasma imaging are performed under different operating conditions (i.e. voltage amplitude, voltage frequency and ambient pressure) at EPFL. Force and power measurements are performed for different voltages and frequencies at atmospheric pressure at UL.
In section II, the NATO-AVT-RTO-190 experimental setup as used by the authors is described. In section III, results of current measurements are presented. Afterwards, force and power measurements are shown for different frequencies and voltages and plasma imaging is performed to investigate the evolution of the plasma state during the AC cycle. The section concludes with a spectral analysis of the spectroscopy results.
II. Experimental Setup
A wide variety of possible dielectrics and electrode materials is available for the manufacturing of DBD actuators. The proposed test case considers a DBD setup of copper electrodes on an acrylic type dielectric, PMMA, set up as in figure 1 . The thickness of the dielectric plate equals 3 mm and suitable silicon based glue is used to attach the copper electrodes. High voltage is supplied to the actuator by a PM04015-H-CE TREK high-voltage function generator (600 VA max) which provides ± 10 kV in AC or DC mode. The TREK power generator is used in amplifier mode, being triggered by a pulse signal from a SCF-AL-018 Rohde&Schwarz function generator. The sine waveform is used for the experiments.
In order to be able to measure the plasma characteristics at different ambient pressures, the DBD actuator is installed in a low-pressure chamber. A vacuum pump is used to set the pressure in the chamber. Three different pressures are used during the experiments, namely atmospheric pressure, 500 mbar and 250 mbar. The pressure is measured using a MKS Baratron 626A pressure gauge (1-1000 mbar).
A Princeton Instruments Acton SP2750 spectrometer coupled to an ICCD PI-MAX2 fast camera is used for time-resolved spectroscopy. Light emission originating from the plasma is collected through a converging lens with a focal length of 50 mm and captured by a row of 16 fibres. The light is diffracted using a grating of 600 g/mm. At high spectral ranges, a high-pass filter (>400 nm) is used to filter out the lower wavelengths and avoid second order spectra. The whole optical system is schematically represented in figure 2 . The setup is calibrated in intensity using a Labsphere integrating sphere. Direct force measurements were obtained using a precision balance Ohaus Adventurer Pro AV313C (0.001 g precision). For power supply, a combination of an audio amplifier QSC RX2450 with a Corona Magnetic Inc. transformer was used.
III. Results and Discussion
For different actuation frequencies, voltages and operating pressures, the following measurements are performed:
• Current signal measurements to identify power consumption and temporal characteristics of the plasma
• Force measurements and power efficiency evaluation at atmospheric pressure
• Phase-resolved plasma imaging to visualize streamer propagation
• Time-resolved characterisation using optical emission spectroscopy in order to better understand the state of the plasma.
III.A. Current signal measurements
Current signal measurements are performed to identify the power consumption by the plasma. Also, these measurements provide useful information about the time span in which streamers are present. In figure 3 , a typical DBD current curve is shown. For reference, the measured high voltage signal generated by the amplifier (red line) is plotted together with the reference voltage from the function generator (blue line). While voltage is decreasing, the current disturbances start at about 30% of the cycle and end at approximately 50%. This is referred to as fall time, whereas rise time indicates an increasing voltage. In case of a symmetric DBD actuator, the positive peaks during rise time are similar to the negative peaks during fall time. The current signal encounters ringing, induced by the external electric circuit, which also slightly disturbs the voltage signal. 9 In figure 3 , this induces small positive peaks during fall time and negative peaks during the rise time of the voltage signal. The capacitance of the DBD actuator changes with varying current, leading to a change in impedance of the electric circuit and disturbance of the voltage signal.
III.A.1. Effect of operating conditions on current signal
Under different operating conditions investigated, i.e. voltage amplitude, frequency and operating pressure, the current signal differs. Investigating this current signal reveals properties of the plasma. The amplitude and duration of the peaks is of interest, as it gives an indication of the power consumed. As noise is present in the signal measurements, only peaks which are higher than four times the standard deviation of the current signal are taken into account. The integral of these peaks is calculated. Also the duration and starting time of the streamers are derived from the current signal. In table 1, the aforementioned values are presented. An increase in voltage amplitude leads to an increase of the mean amplitude of the current peaks. Also, the plasma formation starts earlier with rising voltage amplitude and the power consumption has a longer duration. A possible explanation for this is that the breakdown voltage which is needed to initiate plasma generation has been reached earlier in the voltage cycle. Another observation is that the current peaks end when the maximum voltage is reached.
An increase in voltage frequency also increases the mean value of the peaks. On the other hand, it decreases the duration of the plasma streamers and shifts the starting point towards the beginning of the cycle. This can be related to the new shape of the higher frequency signal. As frequency becomes higher, cycle duration becomes shorter and the voltage slope is steeper. Due to this, the breakdown voltage will be reached earlier.
Another set of experiments was conducted using the same DBD actuator on which one electrode (15 mm width) was covered by dielectric tape. The results of these measurements are listed in Table 2 . Statistics of current signal on an asymmetric DBD actuator for different operating conditions. Measurements performed at atmospheric pressure. Integrated peaks and number of peaks considers positive peaks for the rise time and negative peaks for the fall time.
III.B. Force and power efficiency measurements
For the thrust and power measurements, the asymmetric DBD actuator with covered electrode is used (uncovered and covered electrodes have widths of 5 and 15 mm respectively, the length of both electrodes is equal to 155 mm). The thrust and power consumption results are normalized by unit length of electrodes.
In figure 4 the results of normalized force for different driven voltage and frequency are presented. In this figure it is shown that force generated by the actuator increases as the driven frequency or voltage increases.
The power consumption also increases with driven frequency or voltage, as can be seen in figure 5 . From this figure, it can be found that, during the experiments at driven frequencies of 3.5, 7.0 and 14.0 kHz, the In figure 6 , the force/power performance parameter is presented. The results suggested that an optimal condition for operating the SDBD plasma actuator exists. For this test case, this optimal is found to be approximately 20 kV peak-to-peak. From this figure, it can be concluded that the lower frequency (3.5 kHz) is more efficient compared to the higher frequencies tested (7 and 14 kHz) in terms of thrust to power ratio. 
III.C. Plasma imaging
In order to better understand the development and propagation of streamers in the air gap between the electrodes, time-resolved synchronized plasma imaging has been performed. Resulting images show a clear distinction between the two phases in figure 3 during rise and fall time of the voltage signal. In figure 7 , examples of images during rise and fall time of the signal are shown. During rise time of the voltage signal (pictures d, e and f), the streamers clearly originate at the upper electrode and propagate through the air gap towards the lower electrode. During fall time of the signal (pictures a, b and c), this structure is less clear. Here, the propagation of the streamers is far less pronounced. The plasma extends over a length of about 4 mm during rise time, whereas it only extends over about 1 mm during fall time. Nevertheless, both rise and fall time streamers seem to originate at the upper electrode. The difference in streamer mechanisms during rise and fall time of the voltage signal is further elaborated in figure 8 , where the light intensity of the plasma images is plotted against time for two different ambient pressures and voltages. A first observation is that the light emission during rise time of the signal is higher than the light emission during fall time in both cases. The peak values for intensity are comparable, which indicates that the maximum light intensity is of the same order for a constant ratio of voltage over pressure. The light emission is initiated earlier at atmospheric pressure and higher voltage compared to the measurements performed at lower voltages. This observation is in agreement with the duration and starting time of the current signal measurements presented in table 1. Furthermore, in figure 8 , two sets of image intensities are plotted using the same conditions for voltage, frequency and ambient pressure. The alignment of the curves is nearly exact, indicating a high repeatability of plasma imaging in terms of intensity.
III.D. Spectral analysis
Excited species are produced in the plasma, mostly by transfer of energy between energetic electrons and molecules (or atoms). These excited species can de-excite to a state possessing a lower energy, either by colliding with another molecule (quenching) or by radiative decay, i.e. by the release of a photon. The spectrum of this light depends on the electronic structures of the upper and lower states, and therefore allows the unambiguous identification of excited species by analysing the spectrum of the light. The light spectrum emitted by the SDBD was analysed in this study using a spectrometer coupled to a fast camera, as described in the experimental setup in section II.
III.D.1. Spectral features of the plasma
The most intense part of the spectrum emitted by the plasma is due to the transition N 2 (C 3 Π u − B 3 Π g ), i.e. the second positive system (SPS) of nitrogen. Besides this transition, also the transition N
), the first negative system of N + 2 , was clearly identified. It reveals the presence of the ion N + 2 . Both transitions can be seen in figure 9 . The spectrum is recorded using light emission collected from 4000 cycles (accumulations). The first positive system of nitrogen (FPS),
, and atomic lines due to oxygen and argon were also identified, as shown in figure 10 . However, these transitions were much weaker. In order to obtain the same order of intensity as in figure 9 , more (100,000) accumulations were needed. 
III.D.2. Excited species
The spectra recorded were analysed with an in-house spectral code, able to simulate the spectrum from several spin-allowed transitions of diatomic molecules and some atomic transitions. The determination of the intensities of the rotational lines from the spectra of diatomic molecules are computed following Whiting.
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The emission coefficients are taken from Gilmore. 11 The location of the rotational lines is computed by the method outlined by Hornkohl.
12 Lambda doubling was neglected apart for the first positive system. The population of excited species was assumed to be at rotational equilibrium but not at vibrational or electronic equilibrium. The vibrational level specific spectra were therefore computed independently. The simulated spectra were fitted to the experimentally recorded spectra using the least square method, which allowed the accurate determination of the population densities of excited species. The resulting excited species populations for the same conditions as figure 9 are shown in figure 11 .
III.D.3. Determination of the reduced electric field
If the excited species are assumed to be produced only by electron impacts from the ground state and deexcited only by spontaneous radiative decay and two-body collisional de-excitation (quenching), it is possible to determine the average reduced electric field of the plasma. With these assumptions, the evolution of the populations of excited species can be described by Eq. (1). In Eq. (1), K i (E/N ) is the production rate for the electron-impact excitation process i, which depends on E/N. X i is the target gas density. τ i is the total lifetime of the excited state i, calculated as (2) is obtained.
The experimental determination of the reduced electric field can be performed by comparing the relative population of two different excited species. By dividing Eq. (2) for two different excited species, an equation in which only the reduced electric field is unknown is obtained. The production rates for the excitation process are computed using Eq. (3).
In Eq. (3), ε = mv 2 /(2e) is the kinetic energy of the electron, F 0 is the electron energy distribution function (EEDF), which is computed in the Boltzmann solver Bolsig+ 13 and σ e i is the excitation cross section. The references corresponding to the excitation cross sections and quenching rates of the excited species used in this study are shown in table 3. The resulting plots for reduced electric field strength for atmospheric and low pressure are shown in figures 12 and 13 respectively.
In figure 12 , the reduced electric field is plotted for different voltages and frequencies. The value of the reduced electric field differs during rise and fall time of the voltage signal. During the rise time, the reduced electric field is approximately 800 Td, whereas during fall time, it only reaches about 200 Td. This behaviour is observed for all measured conditions. Furthermore, at the highest voltage (15 kV), the breakdown electric field value is reached earlier in the cycle. This corresponds to the current signal measurements in table 1 and image intensity in figure 8 . However, this behaviour is only observed during fall time. A different trend
Process
Reference for e-impact Reference for quenching 14 18 Ar(ground) + e → Ar(2p 1 ) + e 19 20 Table 3 . Electron-impact excitations and references for the corresponding excitation cross sections and quenching rates. is observable in figure 13 , where the electric field value starts increasing earlier in the cycle during rise time for the cases with highest voltage over pressure ratio.
IV. Conclusions
Plasma characteristics of the NATO-AVT-RTO-190 AC-DBD test case were analysed experimentally. Current signal measurements revealed information about the strength, duration and starting time of the plasma for different voltages and frequencies. A higher voltage or frequency shifts the starting point of the plasma towards the beginning of the cycle, as the breakdown voltage is reached earlier. The number of current peaks increases with rising voltage or frequency.
Thrust and power consumption measurements were performed for different driven voltages and frequencies. The results showed that the force generated by the actuator increases as the driven frequency or voltage increases. An optimal condition for operating the SDBD plasma actuator exists, and pushing for higher voltage levels is not necessary.
Detailed fast-camera imaging and spectroscopy allows understanding of the plasmas transitions and characteristics, as well as their temporal evolution with respect to different operating conditions of voltage, frequency and ambient pressure. From optical emission spectroscopy, the excited species in the plasma are detected and the reduced electric field is calculated. These are in agreement with trends noticed during current measurements and plasma imaging.
This study allows to characterise SDBD plasma and contributes to understanding the plasma physics which are believed to be related to aerodynamic control.
